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Headline

Unfortunately, anterior cruciate ligament (ACL) injuries
are all too common in competitive sports (Agel et al.,

2016). Further, it is estimated that female athletes are 2-10
fold more likely to suffer an ACL tear than their male coun-
terparts (Hewett et al., 2009). Hewett and colleagues (Hewett
et al., 2009; Hewett & Meyer, 2011) have implicated coronal
or frontal plane trunk movement as an important ACL injury
mechanism. As the trunk rotates laterally in relation to the
stance limb, the center of mass force vector moves laterally.
This can result in a greater lever arm relative to the knee
and an increased potential for knee abduction (Hewett et al.,
2009; Hewett & Meyer 2011). Video analyses confirm that
stopping, landing and cutting, is associated with lateral trunk
lean as well as lateral rotation (twisting). This typically re-
sults in valgus collapse and subsequent injury to the ipsilateral
knee (Boden et al., 2000; Hewett et al., 2009; Sheehan et al.,
2012). Unfortunately, the use of video limits detailed quan-
titative analysis of trunk movements during an ACL injury.
However, with the advent of wearable technologies, movement
speeds, trunk accelerations and trunk rotational velocities can
be measured via GPS, accelerometer and gyroscope devices.

Aim
The aim of this study was to determine the feasibility of using
wearable technology to measure trunk movements associated
with an ACL rupture. Specifically, we focused on accelerome-
ter and gyroscope data obtained immediately prior and during
the occurrence of an injury.

Methods
The subjects of this case study were two female Division I
NCAA soccer players who provided informed consent prior to
data collection. Players wore a trunk-mounted device (STAT-
Sports Apex) that included an 18Hz GPS, 600 Hz accelerom-
eter, 400 Hz gyroscope and 10 Hz magnetometer. It was
situated on the upper back over the second thoracic verte-
bra using a manufacturer provided vest (Figure 1). After
the match, data from the device were downloaded using the
manufacturer’s software (Apex). Raw speed, acceleration and
gyroscope data were then exported to .csv files for further
analysis. The software presents these data at a sampling fre-
quency of 100 Hz. To improve resolution, the accelerometer
and gyroscope data were up sampled to 1000 Hz. For positive
accelerations, the x-axis reflects leftward, mediolateral move-
ment, y-axis acceleration represents upward, vertical accelera-
tion and z-axis acceleration indicates forward, anteroposterior
movement (Figure 1). For positive angular velocities, x-axis
rotation indicates backward pitching, y-axis rotation repre-
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Fig. 1. Placement of the Apex unit on the posterior thorax (left). Orientation

and direction of the tri-axial acceleration and angular velocity directions (right). ML

= mediolateral, VERT = vertical and AP = anteroposterior axes.

sents twisting to the left (yaw) and z-axis rotation reflects
leftward leaning (roll).

Videos (60 fps) were collected from the public broadcast of
the match and reviewed for qualitative descriptions of move-
ments occurring prior to and during the injury (Kinovea ver
0.8.15). Apex data collection was initiated upon the ref-
eree’s starting whistle and the video synched using this audible
marker.

Results
Injury Movement 1. . Figure 2 shows a portion of the video
associated with the first injury movement (top) along with
the linear accelerations (middle) and angular rotation veloc-
ities (bottom). During this action, the player (gray jersey)
moves forward, towards the goal and plants the right foot to
change movement direction to the left. At the time of right
foot ground contact, the hip is in an abducted position with
the foot located well outside of the hip and away from the
vertical center of mass. Subsequent to right foot contact, the
right knee abducts and undergoes valgus collapse. This results
in a rupture of the right ACL with meniscal damage.

The video, accelerometer and gyroscope data did not al-
low us to detect the precise time of ACL tear. However, in
order to compare the injury and non-injury movements, tem-
poral alignment of the accelerometer and gyroscope data was
done based on instant the foot of the involved limb contacted
the ground (first panel of the video sequence). Using the ac-
celerometer data, this instant was identified as the time when
vertical acceleration (y-axis) changed from positive to nega-
tive. For all cases, this time point was set as zero.
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Fig. 2. Video sequence (top), linear acceleration (middle) and angular velocity (bottom) during the first injury movement. The injured player is shown in the gray uniform.

Ground contact of the involved limb (right limb) occurs at 0 msec.
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Fig. 3. Video sequence (top), linear acceleration (middle) and angular velocity (bottom) during the second injury movement. The injured player is shown in the orange

uniform. Ground contact of the involved limb (left limb) occurs at 0 msec.
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Thus, negative and positive time values shown in Figure 2-
4 represent periods prior to and after the foot contacted the
ground.

In the 50 msec preceding foot contact, the trunk accelerates
to the right reaching a peak of 12.45 m/sec2 at foot contact.
This indicates linear trunk movement towards the affected
knee. The gyroscope data shows that the trunk is pitching
backward (around the x-axis and in the sagittal plane) and
leaning leftward, away from the affected knee (around the z-
axis and in the frontal plane). The rate of frontal plane rota-
tion reaches a peak of 181.51°/sec at foot contact.

Immediately after foot contact, the trunk shows large neg-
ative vertical and anteroposterior accelerations. In addition,
mediolateral axis trunk acceleration transitions from the right
to the left. These movements are associated with a change in
lean from left, to the right or towards the affected knee. This
directional change occurs at 19 msec post-foot contact and an-
gular velocity peaks at -191.48°/sec. The trunk twists to the
left (around the y-axis and in the transverse plane) at 200-300
°/sec and pitches forward, reaching a peak -702.32 °/sec at
54 msec. By 100 msec post-foot contact, trunk pitching has
slowed, it twists back towards the right and leans towards the
left.

Injury Movement 2. . Figure 3 shows a portion of the video
associated with the second injury movement along with the
linear accelerations and angular rotation velocities. Player 2
(orange jersey) moves forward and decelerates to “shield the
ball”. During deceleration, the player is pushed from behind
by an opponent while the left foot is planted on the ground.
This results in the left hip being flexed and slightly abducted
and the trunk leaning forward. As a result, the left knee
abducts and flexes into valgus collapse, causing a rupture of
the ACL, lateral collateral ligament as well as bilateral menis-
cal damage.

As with the first injury movement, the timeline of move-
ments is adjusted such that the instant of ground contact by
the involved limb (left foot) is equal to zero. Prior to ground
contact, the trunk accelerates towards the left. In addition, it
leans to the right, away from the affected limb. Peak angular
velocity during this movement reaches 209.77 °/sec, at 7 msec
post-foot contact. In addition, the trunk twists to the right
and pitches backwards prior to the foot contacting the ground.

Immediately after foot contact, the trunk changes medio-
lateral direction and accelerates to the right. Frontal plan
rotation also reverses as it leans to the left and towards the
affected knee. Also, the trunk twists to the left and pitches
forward. The transition of frontal plane rotation towards the
affected knee occurs at 28 msec after the foot contacts the
ground and peaks at 142.82 °/sec.

Non-Injury Movement. . For comparison, we identified a non-
injury movement executed by the first player that was quali-
tatively similar to her injury movement (moving forward fol-
lowed by a cut to the left). In the video, the player’s trunk
movements were obscured by another player. However, it
could be seen that when the right foot is planted on the
ground, right hip is slightly abducted with the foot positioned
more directly under the hip. Figure 3 shows the accelerometer
and gyroscope data from this movement. As with two injury
movements, the instant of the right foot contacting the ground
was set as time = 0. Immediately prior to foot contact, the
trunk accelerates to the right, towards to plant foot. It is also
leaning left, away from the right leg. The peak rate of leftward
lean is 72.68°/sec. In contrast to the two injury movements,
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Fig. 4. Linear acceleration (top) and angular velocity (bottom) during the non-

injury movement (video was unavailable). During this movement, the player planted

the right foot and cut to the left. Ground contact of the right limb occurs at 0 msec.

the trunk is pitching forward prior to the foot contacting the
ground.

After the right foot contacts the ground, the trunk acceler-
ates to the left and leans to the left, away from the planted
right leg. In contrast to the injury movements, the trunk
slows its frontal rotation but does not lean towards planted
leg. Also, in contrast to the injury movements, the trunk
rapid twists to the right with a peak velocity of 623.53 °/sec
before twisting to the left. These movements occur within 50
msec after the foot contacts the ground.

Discussion
This is the first study to report trunk accelerations and angu-
lar velocities occurring during an ACL rupture using a wear-
able device. It presents a novel and unique use of accelerom-
eters and gyroscopes for injury research. As the Apex and
similar monitoring units are now routinely worn by sports
teams during training and competition, movement data can
be easily collected immediately prior to and during an injury.
Such information could shed light on potential mechanisms of
injury.

The results indicate small but potentially important differ-
ences in qualitatively similar movements that did and did not
lead to injury. Prior to the instant the foot of the involved leg
contacts the ground, all three movements show similar frontal
plane movements. The trunk is accelerating towards and lean-
ing away from the planted foot (and the affected knee in the
case of injury). After foot contact, the movements differ. In
the non-injury movement, the trunk continues to accelerate
way from the planted foot and frontal plane rotation stops.
In the two injury movements, the trunk changes directions
in the frontal plane. Within 30 msec post-contact, the trunk
leans toward the affected knee, moving its center of mass in
the direction of the injured knee.

The video, accelerometer and gyroscope data of the injury
movements suggest critical changes in movement occurring ap-
proximately 30 msec after the foot contacts the ground. These
movements likely shift the body’s center of gravity towards the
injured knee. Hewett et al. (2009) suggests that such rotation
in the frontal plane moves the ground reaction force vector lat-
erally and increases the lever arm relative to the knee. This
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along with increased GRF increases the potential for knee ab-
duction. Further, in the two injury movements, the trunk ro-
tates in the transverse plane, twisting away from the injured
limb, possibly increasing rotation of the femur on the tibia.
Combined, these trunk movements are consistent with valgus
collapse of the injured knee and ACL rupture as described by
Hewett and Meyer (2011).

The tri-axial rotations occurring prior to and after the foot
contacts the ground suggest temporal associations with liga-
ment rupture. Estimates of the time point of rupture follow-
ing ground contact range from 25-50 msec (Koga et al., 2010;
Krosshaug et al. 2007) to less than 100 msec (Hewett et al.,
2009). In our study, abrupt changes in tri-axial trunk angular
velocity associated with valgus collapse occurred at 19 and 28
msec of foot contact. While it is tempting to speculate that
this reversal of trunk rotation indicate the time of ligament
injury, the lack of joint kinematic data make such a conclu-
sion speculative. Nevertheless, the data suggest a temporal
association between trunk rotations and ACL injury.

Hewett and Meyer (2011) argue an important mechanistic
connection between the trunk, hip and knee during ACL in-
juries. However, in the absence of quantifiable trunk move-
ment data, the extent of trunk movements shown in the in-
jury videos can only be estimated. Coupling semi-quantitative
information provided by video analysis with detailed trunk
acceleration and rotational data provided by trunk-mounted
devices affords a much more complete description of the move-
ments resulting in injury. Also, through werable technology, it
is possible to examine the injury in light of preceding external
training loads such as total and high intensity distances, body
loads and heart rates (Bourdon et al., 2017). This is impor-
tant as fatigue is linked to trunk control and ACL injury risk
(Lessi et al., 2017). Lastly, these devices could also be used
as a screening tool to identify “normal” and high risk trunk
motion during defined laboratory movements such as a drop
jump (Dowling et al., 2012).

Practical Applications
• These results suggests that is it feasible to use accelerome-

ter and gyroscope data to quantify trunk movements occur-
ring during ACL injury. Wearable technology such as the
STATSports Apex unit are routinely used by many profes-
sional and college sports teams. As such, access to trunk
movements via accelerometer and gyroscope data are ac-
cessible and can be applied to the study of injury.

• The use of these data could aid in identifying movements
that increase the risk of and/or contribute to ACL injury.
Such information could prove useful in designing counter-
measures focused on reducing injury risk.

• The results also argue for collaborative efforts to under-
stand trunk movements and ACL injury. Over the course
of a competitive season, ACL injuries can be few (1-3 per
team). This makes it difficult for a single research group to
develop a database large enough to draw consensus conclu-
sions. Thus, researchers and practitioners are encouraged
to share monitoring data, particularly those recorded dur-
ing injury occurrences.

Limitations
• As this is a case study, the results are limited to single

events. Other movements resulting in ACL injury could
reveal different magnitudes trunk accelerations and rota-

tions. Also, the comparison movement, while qualitatively
similar, is not an exact comparison to the injury movement.

• There is likely error in synchronizing the video, accelerom-
eter and gyroscope data. Synchronizing the video and
STATSPorts Apex data at the millisecond level was not
possible due to the absence of a satellite-based time stamp
on the video.

• The measurements shown here were recorded via a device
mounted on the posterior, upper thorax. Thus, there is con-
siderable dampening of lower limb accelerations resulting
from foot contact (Simons & Bradshaw, 2016). Thus, they
may not accurately represent ground impact force timing
and movements of other body segments such as the pelvis,
upper and lower leg or foot.
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